Although the parietal cortex is traditionally associated with spatial attention and sensorimotor integration, recent evidence also implicates it in higher order cognitive functions. We review relevant results from neuron recording studies showing that inferior parietal neurons integrate information regarding target location with a variety of non-spatial signals. Some of these signals are modulatory and alter a stimulus-evoked response according to the action, category, or reward associated with the stimulus. Other non-spatial inputs act independently, encoding the context or rules of a task even before the presentation of a specific target. Despite the ubiquity of nonspatial information in individual neurons, reversible inactivation of the parietal lobe affects only spatial orienting of attention and gaze, but not non-spatial aspects of performance. This suggests that non-spatial signals contribute to an underlying spatial computation, possibly allowing the brain to determine which targets are worthy of attention or action in a given task context.
Introduction
Practically all behaviors require spatial and non-spatial computations. The simplest of acts, such as picking up an apple, begins with global processes that generate the desire and motivation to reach for the apple in the first place. This drive must then be integrated with visuo-motor computations that recognize the apple, locate it in space, and ultimately move the eyes, body, and limbs toward it. Physiological recordings show that neurons in many brain areas -in particular higher order association areas -typically combine information about multiple task-related variables, including those in the spatial and non-spatial domains. Even though such combinatorial coding is ubiquitous, we have little understanding of its unique significance or properties in different brain areas. In this review we discuss this topic in the context of one model system, the attention-oculomotor system of the parietal lobe. We discuss relevant experiments carried out in the lateral intraparietal area (LIP) and, to some extent also in area 7a, which are located, respectively, in the lateral bank and gyral surface of the interaparietal sulcus ( Figure 1a ). Both areas are implicated in orienting attention and gaze but recent evidence shows that they receive multiple nonspatial signals that shape their spatial responses. We review the most relevant recent findings on this integration, with a view toward detecting common features and generating testable hypotheses for future research.
Parietal areas provide spatially organized priority maps and receive non-spatial information LIP and 7a are high-order association areas with connections to nearby parietal areas as well as to sensory, motor, and cognitive systems. LIP is defined by its strong links with the visual and oculomotor system. It receives strong visual input from multiple visual areas (including V2, V3, V3A, V4, and the middle temporal area (MT)), is reciprocally connected with the frontal eye field (FEF) and sends descending projections to the superior colliculus [1, 2] . While area 7a shares many of the same connections as LIP, it has somewhat weaker direct links to early visual areas and somewhat stronger connections with some parts of prefrontal cortex (e.g. area 45), cingulate, and parahippocampal cortex [3, 4] . LIP and 7a are also distinguished by their thalamic inputs, with LIP receiving input from both medial and lateral pulvinar but 7a receiving exclusively medial pulvinar input [5] .
Consistent with a role in visuo-spatial processing, a large fraction of neurons in areas LIP and 7a have visual receptive fields (RF), which, for LIP, are typically confined to a single contralateral quadrant and for 7a may cover the entire contralateral hemifield [1, [6] [7] [8] . LIP but not 7a is retinotopically mapped. The topography in LIP is weak and inconsistent at the level of single units [1, 6, 7] but becomes clear when local metabolic or optical imaging is used, although there remain unexpected discrepancies across techniques [8] [9] [10] . Visual RFs in LIP and 7a have been classically described as retinotopic -that is, moving relative to head-centered space with each shift of gaze -with additional extraretinal signals that could support computations in head-centered or body-centered coordinates [9, 10] . A number of more recent studies have reported world-centered or object-centered coding in 7a [10] [11] [12] and explicit head-centered or body-centered coding in LIP [9] . Taken together these findings suggest that LIP and 7a code space primarily in a retinotopic Differentiation of spatial responses according to non-spatial factors. (a) Lateral view of the monkey brain indicating the approximate location of individual parietal areas. Our discussion focuses on areas LIP and 7a, which are located laterally to the intraparietal sulcus and belong to the inferior (or posterior) parietal cortex. Area 5 located medially and dorsally relative to the IPS, is part of the functionally distinct superior parietal lobe. The inferior parietal lobe includes areas 7a, LIP (the lateral intraparietal area, ventral and dorsal divisions) and VIP (ventral intraparietal area). Produced using Caret, http://www.nitrc.org/projects/caret. (b) Modulation by manual release. Monkeys maintained gaze at the center of a display containing several letterlike shapes (panels, central dot). One shape, a right or left-facing 'E' appeared at variable location, which could fall inside the neuron's RF (left column, gray shading) or at a non-RF location (right column). Monkeys were rewarded for maintaining fixation and reporting the orientation of the 'E' -right or left facing -by releasing a bar held, respectively, in the right or left paw. The bars themselves were outside of the field of view. Rightward-facing cues could appear on the left and vice versa, so the laterality of the motor response was independent of the laterality of the visual cue. The lower panels show activity of a neuron with dual sensitivity to 'E' location and manual release. The neuron responded only if the 'E' appeared in the RF but was silent if a distractor did (left vs. right column). In addition, when an 'E' appeared in its RF, the cell was more active if the monkey released the left bar than the right bar (blue vs. red traces). Raster plots in the top panels show individual trials. Each dot represents the time of an action potential aligned on cue onset, and the black dots show the time of manual release. Trials are sorted offline in order of manual reaction time. The bottom panel shows the corresponding averaged spike density histograms (smoothed with a Gaussian kernel, sigma 10 ms). Adapted, with permission, from [17 ] . (c) Modulation by stimulus category. The top left panel illustrates the behavioral task. Monkeys viewed a sample stimulus containing random dot motion in one of 8 possible directions. After a delay period (650-1650 ms) a test motion stimulus appeared and monkeys had to release a bar if the test stimulus matched the category of motion of the sample, but continue to hold the bar otherwise. Monkeys were initially trained to categorize directions according to one category boundary (black dotted line) and then re-trained to use a different boundary (green dashed line). Top right panel shows representative LIP neuron that had visual and delay-period activity following presentation of a sample inside its RF as well as sensitivity to sample category. Firing rates were much more strongly modulated by changes in direction across, relative to within a category boundary, dissociating this modulation from simple selectivity for motion direction. Modified, with permission from [24] . (d) Non-spatial modulations differentiate the neuronal population encoding location. Each blue dot represents one parietal neuron and the dot location corresponds to the spatial region represented by the neuron's RF. The colored dots show the population of neurons that might be activated by an attended stimulus in the upper right quadrant. Some of these neurons will respond similarly regardless of the associations of the attended stimulus (gray); others will respond more strongly if the stimulus is associated with a particular category or motor response (dark blue and red). Thus, different overlapping neuronal subsets (gray plus blue or gray plus red) will encode a particular stimulus depending on the category or motor response with which it is associated. frame but can also support spatially accurate computations that compensate for the observers' own movements.
A hallmark of parietal visual responses is that, rather than responding to any object entering their RF, neurons respond selectively for task-relevant or physically salient stimuli. Neurons in LIP and 7a respond robustly to stimuli that pop-out by virtue of an abrupt onset or contrasting color [13] [14] [15] , and neurons in LIP also encode the top-down selection of informative but inconspicuous cues [13, 16, 17 ]. Prior studies have linked the selective activity in LIP to both overt saccades [18] [19] [20] and covert (internal) shifts of attention [14, 16, 17 ], and it was recently suggested that these two functions may be differentially represented in, respectively, the dorsal and ventral subdivisions of this area [21 ] . In this review we do not draw a strong distinction between mechanisms of spatial attention and eye movements but we ask how these functions -both of which require visuo-spatial selection -interface with non-spatial aspects of a task.
Converging evidence shows that both LIP and 7a receive information about non-spatial variables and these signals fall roughly into two categories. One category includes modulatory signals that do not act on their own but modify the spatially coded response to a visual stimulus or motor target. A second category includes independent signals that affect neuronal activity before specific visual or motor information. We first describe the evidence for these two types of signal in neural recordings, followed by a discussion of inactivation experiments that pinpoint the functional significance of the non-spatial activity for the behavioral output.
Non-spatial signals modulate visually evoked responses
A central function of attention and eye movements is to orient toward stimuli that are relevant or informative in a given task. In many circumstances, the relevance of a stimulus is determined not by its physical salience but by its predictive power -that is, its ability to predict other variables such as an action or an outcome. For example, a street sign in a busy intersection may not be physically conspicuous but will be attended because of its association with an action that leads to a desired goal (e.g. walking to a specific destination). Consistent with these considerations, a number of studies show that visuospatial responses in LIP are not stereotyped but depend on the task-related associations of the selected input.
Limb selection
A study by Oristaglio et al. has shown that the LIP responses to a visual cue are shaped by the motor action instructed by the cue [17 ] . The authors used a covert visual search task where monkeys were required to maintain gaze straight ahead and discriminate a peripheral cue (an 'E' like shape) embedded among distractors (Figure 1b) . The cue could face to the right or to the left, and monkeys were rewarded for reporting its orientation by releasing a bar held, respectively, in the right or left paw. The task therefore had a spatial and a nonspatial component: monkeys had to select the relevant cue using visuo-spatial attention but report on this cue using a non-spatial (non-targeting) manual response.
Most LIP neurons responded more strongly when the cue relative to a distractor fell in the RF, providing the expected signal of visuo-spatial selection [16,17
,22]. However, in about half of the cells this response was modulated by the manual release. Some cells had stronger responses if the cue appeared in the RF and instructed a left rather than a right bar release (Figure 1b , left column, red vs. blue). Other cells had the complementary preference, responding best if the cue appeared in the RF and instructed a right bar release. Control experiments ruled out alternative explanations based on the shape of the cue or the spatial location of the limb, showing that the non-spatial modulation described the effector itself. Importantly however, the limb response vanished if attention was directed out of the RF (the target was outside the RF) even though the manual release remained constant (Figure 1b , right panels, blue vs. red). Thus, the primary response conveyed by LIP neurons was one of visual selection, but this response was modulated by the choice of the active limb.
The presence of limb information in LIP is consistent with previous reports that this area receives effector information [18, 23] . These earlier studies found that neurons responded more strongly when monkeys were preparing to make a saccade rather than a reach movement [18] and in some cells, this preference appeared early in the trial, even before monkeys were shown the specific motor target [23] . This suggests that effector information may play a number of different functions in LIP. One function may be to link a relevant stimulus with its associated skeletal response and another may be to select the effector system (eye or limb) that should be active in a given task.
Categorization
An experiment by Freedman and Assad showed, just as LIP neurons encode the motor associations of an attended object, they can also encode a more abstract propertynamely the categorical membership of a cue [24] . Monkeys were shown a sample cue containing one of several motion directions that were arbitrarily assigned to one of two categories (Figure 1c , left). After a delay period, a second (test) stimulus appeared and monkeys were rewarded for releasing a bar if the motion direction in the test stimulus matched the category of the sample cue. Category modulations were found during the sample and delay periods, before monkeys could decide on a manual release. If the sample appeared in the RF, neurons had robust visual and sustained responses to this stimulus; these responses were modulated by stimulus category, with neurons responding more strongly to a stimulus if it belonged to one or the other categories (Figure 1c , right). Sensitivity to category was distinct from selectivity to motion direction, and changed to reflect a new categorization scheme after monkeys were re-trained to use a new category boundary. Similar to the limb effect of Oristaglio et al., category coding was modulatory, as it was strongest when the sample stimulus appeared in the RF but much weaker if the stimulus appeared at the opposite location [25 ] .
Both the results of Oristaglio et al. and those of Freedman and Assad suggest that visuo-spatial responses in LIP reflect not only the location of an attended object but also the associations of that object in a given task. This response pattern may be represented as in Figure 1d , where each LIP cell (blue dot) is shown as encoding a particular location. An attended stimulus at a given location (e.g. up and to the right) is encoded by one subset of neurons if it encodes one alternative and by a different subset of cells if it encodes another alternative in the task (e.g. red and dark blue dots). A third population, shown in gray, encodes the locus of attention regardless of specific stimulus associations. Consistent with this interpretation, two studies have shown that some parietal neurons encode target selection in context-independent manner, while others do so selectively, only for targets associated with specific attributes or feature dimensions [26 ,27] . Thus, selecting a particular location is not a stereotyped process but seems to be accomplished by different neuronal populations depending on the nonspatial demands of the task.
Reward
In the limb and category experiments described above each of the two alternatives signaled by the cue (the two effectors or categories) were behaviorally equivalent and had a comparable representation in LIP. However, some behavioral associations may be asymmetric, with one alternative being clearly more desirable than the other. A salient example is expected reward, where animals clearly prefer stimuli associated with higher gains rather than those predicting lower gain. Consistent with this, LIP neurons are modulated by expected reward in asymmetric fashion, with most cells increasing and only very few decreasing their activity as a function of expected reward [28, 29, 30 ].
A recent study has shown that reward associations modify not only the representation of an upcoming saccade but also the bottom-up salience of a visual stimulus independently of a motor output [30 ] . Each trial began with presentation of a conditioned stimulus (CS), an abstract pattern that indicated whether the trial would result in a reward (CS+) or no reward (CSÀ). The CS appeared randomly either inside or opposite the RF, and was followed by a delay period and by presentation of a second target that appeared unpredictably at the same or at the opposite location relative to the CS. Thus the location of the reward predictor (the CS) was statistically dissociated from that of the motor target, allowing investigators to determine whether reward learning affects the visual or the motor response.
The visual response in LIP was strongly modulated by reward valence independently of the motor response. As shown in Figure 2a , when the CS appeared in the RF neurons had a fast transient visual response followed by sustained activity that persisted during the delay period. For a CS+ the visual response was strong and was followed by a sustained delay-period activation. By contrast, for a CSÀ the initial visual response was weaker and was followed by sustained suppression during the delay period. These modulations appeared specifically at the CS location, producing a neuronal bias that was attractive toward a CS+ location but repulsive away from a CSÀ location (Figure 2a , right panels, black vs. gray). The monkey's saccades reflected the spatial biases in LIP. Following a CS+ saccades were slightly facilitated if they happened to be directed toward rather than away from the CS+ (Figure 2b , blue bars). By contrast, following a CSÀ saccades were strongly impaired if they happened to be directed toward rather than away from the CSÀ location ( Figure 2b , red bars). Both the neural and behavioral biases were subject to learning and were stronger for familiar (overlearned) CS relative to novel ('newly learned') CS (Figure 2b) .
A striking aspect of these data is that the reward effects modulated the visual response and they persisted even though they interfered with the optimal action. This is most clearly seen on CSÀ trials when the saccade target was spatially congruent with a preceding CSÀ (Figure 2b,c) . Many saccades on these trials were dysmetric and failed to reach the designated target (Figure 2c ), thus being scored as errors and triggering the immediate repetition of the same (unrewarded) trial. However, despite its detrimental effect, this CSÀ evoked repulsion increased rather than decreased with training. As shown in Figure 2b ,c (right vs. left panel) the dysmetria became worse for a familiar relative to a newly learned CSÀ. Thus reward modulations modify spatial representations in asymmetric manner -with high and low expected gain producing, respectively, attraction and repulsion -and they act on visual representations, modifying the bottom-up salience of stimuli independently of a required action.
Non-spatial signals encode context and rules
The modulations described above acted on a stimulusevoked response, modifying the spatial selection response after a stimulus was presented. However, two studies show that parietal neurons can also encode behavioral context or rule as independent changes in their firing rates, before the specification of a spatial locus of attention or action.
Rules
Rule-related activity was found in LIP and 7a in a task in which, on each trial, a particular rule was cued and was followed, after a short delay, by presentation of a stimulus [31 ] (Figure 3a) . The rule cue instructed animals to evaluate either the color or the orientation of the stimulus, and to respond by reaching to a button on the right or left. Thus the correct response could not be known in advance but depended on a conjunction of the task rule and the properties of the stimulus bar. Moreover, the rule cue appeared outside the RF and did not itself activate the cells.
Many cells responded after the rule was cued but before the bar appeared by increasing their firing for one rule
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Figure 2
Modulation of spatial responses by expected reward. (a) Population firing rates (normalized) following presentation of a CS+ (blue) or CSÀ (red) in the RF. Each CS category contained several individual, abstract patterns that were initially novel to the monkey and were equated for size and luminance. CS presentation (300 ms, thick horizontal bar) was followed by a 600 ms delay period during which monkeys maintained fixation. The stars show time bins when firing rates were significantly modulated by reward. The right panels show, for each CS category, a comparison of activity when the CS appeared inside the RF (black) or opposite the RF (gray). Cartoons indicate trial configurations, with the dashed oval showing the RF and the magenta start, the CS location. The y axis is truncated to highlight delay-period activity. After a CS+ (top panel) or CSÀ (bottom panel), sustainted activity was, respectively, higher or lower at the CS location relative to the opposite, non-stimulated location, indicating a spatial bias toward or away from the CS.
(b) After the end of the delay period a saccade target appeared unpredictably at either location and monkeys made a visually guided saccade to the target. Bars show saccade accuracy for each configuration (mean and standard error, defined as the normalized angular distance between the target and the saccade endpoint). Accuracy was impaired specifically on CSÀ trials in which the target happened to coincide with the CSÀ location, indicating a repulsion from the location of the CSÀ. This impairment increased with training, being stronger following an overlearned relative to a newly learned CS. (c) The insets show saccade endpoints on CSÀ congruent trials on a representative session. Each point represents one saccade, and coordinates are rotated so that the target appears on the right horizontal. Saccades show a large degree of scatter, especially after an overlearned CSÀ. This is remarkable given that the target remains lit and clearly visible until the end of the movement. Modified, with permission, from [30 ] .
(e.g. evaluate color) or another (e.g. evaluate orientation) (Figure 3b) . Control experiments established that these modulations were truly rule-specific, and not dependent on the visual properties of the cue. Once the stimulus bar appeared, these cells ceased to code the rule and began to encode the motor response, for example, higher firing for a rightward or a leftward reach (Figure 3b ). Like the limb and category effects described in the previous sections, Figure 3 Rule and contextual modulations that precede spatial orienting. (a) Task schematic. On each trial, a cue (upright or inverted triangle) first appeared and instructed the rule for that trial. After a delay, a stimulus appeared, and animals responded by pressing a button on the right or left, with the correct response being determined by the combination of rule and stimulus. We asked if cells encode the task rule, and how activity is temporally related to response execution. (b) Population firing rate sorted by rule type and response direction. Cells initially coded the (non-spatial) rule, then switched to coding the (spatial) response direction. Modified, with permission, from [31 ] . (c) To highlight the relationship of cell activity to movement in cells with and without rule responsivity, the data were collapsed across tasks, non-preferred direction responses were subtracted from preferred direction responses, and traces were aligned on response onset. Cells that did not encode the task rule (taskÀ, top) showed a consistent temporal relationship of activity to movement onset, as might be expected of a cell that contributes to movement execution. By contrast, cells that encoded task rules (task+, bottom) responded earlier on easier compared to more difficult trials (dark vs. light traces), relative to the onset of movement. Modified, with permission, from [32] . (d) Contextual modulation according to the potential significance of a salient stimulus (perturbation). Population responses on the 'E' search task shown in Figure 1b , when a transient visual perturbation appeared 200 ms before the search display. Baseline and perturbationevoked responses were enhanced in a relevant context, when the perturbation validly cued the target's location, relative to an irrelevant context, when the location of the perturbation and target were statistically independent. The ratio of firing rates was constant during the pre-perturbation and perturbation response, suggesting a multiplicative gain. Modified, with permission, from [33 ] .
the rule-related activity effectively divided parietal neurons into two groups, those preferring one rule versus those preferring the other rule. However, here this segregation occurred before the monkey received spatial information. Interestingly, cells that encoded a rule ('rule+') showed a different pattern of response to movement compared to cells lacking a rule effect [32] (ruleÀ; Figure 3c ). In ruleÀ cells, activity predictive of the reach direction was synchronized to movement onset across all trials. In rule+ cells, the predictive activity preceded the movement by a larger amount on easier trials. Thus the predictive and spatially selective activity in these cells seems to reflect computations that help select the response, yet are temporally uncoupled from response onset.
Context
Using a variant of the manual release task described in Figure 1b , Balan and Gottlieb showed that neurons encode a current task context defined by the statistical relationship between a two stimuli-a relevant target and a salient perturbation [33 ] . Monkeys performed manual release task described in Figure 1b , but before seeing the search display they were presented with a 'visual perturbation'-a brief change in one of the display elements. The perturbation was shown in one of two contexts (trial blocks). In the 'relevant' context the perturbation appeared at the same location as the search target, thereby effectively cueing the locus of attention. In the 'irrelevant' context the perturbation appeared at a random location, thereby providing no information relevant to the search. Thus, while monkeys could not predict the actual stimulus location within a trial they were aware of the current context, defined by the statistical relationship between the perturbation and target locations.
Monkeys were sensitive to this contextual manipulation and learned to use or ignore the perturbation as appropriate for the current task. LIP neurons reflected this contextual sensitivity (Figure 3d ). During the fixation period before the perturbation appeared, neurons showed elevated responses in the 'relevant' relative to the 'irrelevant' context. When the perturbation appeared it evoked a spatially specific visual response that was likewise enhanced in the relevant context. The ratio of activity in the two contexts remained constant in the fixation and perturbation epochs, suggesting a multiplicative effect. The contextual modulation shown by Balan and Gottlieb was therefore of a hybrid type, weighting the response to the perturbation itself but also modulating pre-stimulus firing rates according to the known relationship between two stimuli.
Non-spatial signals serve spatial orienting
The findings reviewed above raise a conundrum. Does the plethora of non-spatial activity in LIP and 7a reflect a role of these areas in a range of unrelated computations, or do these signals contribute to spatial orienting through attention or gaze? To answer this question Balan and Gottlieb tested the effects of unilateral inactivations (using the GABA-A agonist, muscimol) on three tasks that had been shown to evoke spatial and non-spatial responses in LIP neurons [22] .
In all three tasks, inactivation affected only the spatial but not the non-spatial aspects of performance. One paradigm was the 'E' search task described above, where neurons encoded a signal of visual selection modulated by the manual release. After muscimol inactivation performance was impaired only if the cue was in the contralesional field but not if it was in the ipsilesional field, suggesting a role in visuo-spatial selection (Figure 4a ). By contrast, the inactivation did not cause global or limb-specific deficits in manual release, suggesting that LIP is not crucial for limb motor planning (Figure 4a ). A second task tested the significance of temporal anticipation (temporal hazard rate), which had also been shown to modulate saccade-related activity in LIP [34] . Monkeys made simple visually guided saccades but the distribution of delays before the go signal varied bi-modally, being either short or long on the majority of trials. Saccade reaction times were highest at the intermediate (least probable) delays and lowest at the most frequent (shortest and longest) delays, suggesting that monkeys used temporal information to modulate their motor plan [34] . Inactivation had a spatial effect, producing a uniform increase in reaction times for contralesional saccades (Figure 4b ). However, it had no effect on the sensitivity to delay, suggesting that LIP does not have a strong contribution to computing temporal anticipation (Figure 4b) . Finally, in a reward task monkeys chose between a red and green target that were associated with unequal rewards. Inactivation produced a mild ipsilesional bias, slightly reducing choices of the contralesional targets. However, there was no effect on non-spatial aspects of the decisions, including sensitivity to reward or the ability to switch preference upon reversal of reward contingencies (Figure 4c ). These findings suggest that the non-spatial responses in LIP do not indicate direct involvement in non-targeting manual actions; instead, they appear to be feedback signals related to the selection of a relevant location.
Summary
Parietal neurons encode spatial information, but they also encode non-spatial, executive, and motivational aspects of complex tasks. Reversible inactivation of the parietal lobe affects primarily spatial functions, suggesting that the non-spatial signals represent feedback that informs orienting through attention and gaze [22] .
Many questions remain regarding the precise mechanisms of this interaction. Computational models suggest Unilateral inactivation of LIP impairs spatial but not non-spatial aspects of performance on three distinct tasks. (a) Performance on the 'E' search task shown in Figure 1b , segregated according to the hemifield of the cue (left vs. right column) and the active limb (white vs. black symbols). Symbols show mean and standard error. Reaction times are normalized by substracting the session mean. Inactivation (24-26 mg muscimol at 8 mg/ml) lowered accuracy (top left) and elevated reaction times (bottom left) if the cue was in the hemifield contralateral to the inactivated hemisphere (left column) but not if the cue was in the ipsilesional hemifield. (b) Performance on a visually guided saccade task where the saccade go signal was given, on 90% of trials, after a bi-modally distributed delay (modes 300 and 1600 ms), and on 10% of trials at intermediate delays. Reaction times peaked at the intermediate (least frequent) delays. If the target was contralesional (top row) there was a significant increase in reaction time following inactivation, consistent with a lateralized saccadic deficit. However, inactivation had no effect on the sensitivity to delay-that is, the triangular reaction time pattern. Each gray trace shows a single experiment and the black traces show the overall mean. (c) Performance on a reward based choice task where either the contralesional or the ipsilesional target received the higher reward. The location of the more highly rewarded target reversed without warning every 60-80 trials. The data points show a running average of the fraction of choices of the contralesional target, around the time of transition between low-contralateral to low-ipsilateral blocks, aligned on the reversal trial (trial 0). Although there was a slight decrement in the fraction of contralesional choice there was no impairment in the flexibility or speed of transition and other aspects of the decision. Modified, with permission, from [22] .
that an efficient computational solution to identifying task-relevant targets is to use feedback from an output layer to assign credit to those stimuli that are associated with successful actions [35 ,36] . This type of feedback was proposed to account for categorization responses in ventral stream neurons [35 ] , as well as for perceptual biases reflecting optimal feature gain settings during visual search [36] . We propose that the non-spatial feedback found in the parietal lobe may reflect, partly, this type of computation, through which the brain identifies stimuli that are associated with -and thus can predictother variables of interest such as an action, rule, or expected reward [37 ,38] . Determining whether this is indeed the case and how precisely such learning occurs, as well as how this may relate to observations on the human parietal lobes (see Box 1) are exciting questions for future research. 
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Box 1 Non-spatial functions of human parietal lobe
Much evidence also suggests that human posterior parietal cortex operates at the interface of spatial and non-spatial cognition. Among the non-spatial functions associated with human PPC is the ability to recruit attention in time, with specific involvement in sustained attention, the attentional blink, and the movement of attention associated with apparent motion [39 ,40] . In addition, functional imaging studies implicate the posterior parietal cortex in episodic memory retrieval [41] and in mathematical reasoning and certain forms of time perception [42] . The neuronal correlates of these functions remain largely unknown, although modulations by numerosity and time have been reported in LIP [34, 43] . An important issue is the homology between human and monkey parietal areas. In humans, non-spatial deficits in temporal attention (which can be demonstrated at a fixed, central visual location) are most closely associated with the ventral (inferior) rather than the superior parietal lobule [39 ] . Memory retrieval activation seems to appear at loci distinct from those activated by attention, which have no known correlate in the monkey [41] . Finally, the human parietal lobe has a clear hemispheric asymmetry that seems to be absent in monkeys, whereby the right hemisphere has a predominant and possibly nonlateralized role in directing attention [39 ] . Thus, understanding the non-spatial functions of the parietal cortex requires better understanding of the single-neuron correlates of higher cognitive functions, and of the comparative functional anatomy in humans and monkeys. However, the picture emerging from studies in both species is that it is a mistake to view the parietal lobe as being devoted narrowly to orienting and motor planning. At the very least, this lobe encodes the underlying computations through which spatial orienting is coordinated with non-spatial aspects of a task. More broadly speaking, it serves as a cognitive interface that is implicated in multiple aspects of cognition and intelligence both in the spatial and non-spatial domains [44 ] .
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